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Abstract
Context. The mirror tracking system of the Canadian Automated Meteor Observatory (CAMO) can track meteors in real time,
providing an effective angular resolution of 1 arc second and a temporal resolution of 100 frames per second.
Aims. We describe the upgraded hardware and give details of the data calibration and reduction pipeline. We investigate
the influence of meteor morphology on radiant and velocity measurement precision, and use direct observations of meteoroid
fragmentation to constrain their compressive strengths.
Methods. On July 21, 2017, CAMO observed a ∼ 4 second meteor on a JFC orbit. It had a shallow entry angle (∼8°) and 12
fragments were visible in the narrow-field video. The event was manually reduced and the exact moment of fragmentation was
determined. The aerodynamic ram pressure at the moment of fragmentation was used as a proxy for compressive strength, and
strengths of an additional 19 fragmenting meteoroids were measured in the same way. The uncertainty in the atmosphere mass
density was estimated to be ±25% using NAVGEM-HA data.
Results. We find that meteor trajectory accuracy significantly depends on meteor morphology. The CAMO radiant and initial
velocity precision for non-fragmenting meteors with short wakes is ∼ 0.5′ and 1 m s−1, while that for meteors with fragments or
long wakes is similar to non-tracking, moderate field of view optical systems (∼ 5′, ∼50 m s−1). Measured compressive strengths of
20 fragmenting meteoroids (with less precise radiants due to their morphology) was in the range of 1-4 kPa, which is in excellent
accord with Rosetta in-situ measurements of 67P. Fragmentation type and strength do not appear to be dependent on orbit. The
mass index of the 12 fragments in the July 21 meteoroid was very high (s = 2.8), indicating possible progressive fragmentation.
1. Introduction
Most currently operational optical meteor observation sys-
tems consist of a fixed low-light camera operating at typical
video frame rates of 25 to 30 frames per second. Such sys-
tems vary from all-sky to moderate fields of view, with plate
scales at best 1 arcmin/pixel (e.g. Jenniskens et al., 2011; Tóth
et al., 2015). Since the appearance of low-light CCD sensors
in the early 1990’s, video meteor cameras have proved to be
an invaluable source of data used for meteoroid orbital studies,
models of meteoroid fragmentation and physical structure, as
well as recovery of meteorites produced by meteorite-dropping
fireballs (Koten et al., 2019).
Dynamical and photometric data from such cameras have
allowed the densities of meteoroids, a critical parameter used in
spacecraft risk models (McNamara et al., 2005; Kikwaya et al.,
2011), to be systematically estimated. However, such fixed op-
tical systems are not able to observe individual meteor frag-
ments as they move relative to the fixed sensor during frame
integration, and the pixel scale on the order of 10s of meters
per pixel at 100 km does not allow the meteor morphology to
be fully resolved (Stokan et al., 2013). This obscures the true
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amount and nature of fragmentation and deceleration, which are
essential for constraining the physical properties of meteoroids
through ablation modelling (Vojácˇek et al., 2019) and are the
limiting factor in improving accuracy of meteoroid orbits (Vida
et al., 2018b). Finally, moderate field of view optical systems,
in ideal conditions, can achieve meteor trajectory radiant accu-
racy of 0.1°, which is near the limit of resolving the true radi-
ant dispersion of the tightest (youngest) meteor showers (Vida
et al., 2020a).
The Canadian Automated Meteor Observatory’s (CAMO)
mirror tracking system is an optical system consisting of a wide-
field camera (34°×34°) which runs a real time meteor detection
algorithm. Upon detection, it cues a pair of mirrors to track
the meteor and redirect its light through an 80 mm telescope
with a very narrow field of view (1.5° × 1.5°) equipped with
a 3rd generation image-intensifier lens coupled to a high frame
rate machine vision CCD camera, giving a plate scale of 6 arc-
sec/px (Weryk et al., 2013). A block diagram of the tracking
system is shown in Figure 1 and more details about the hard-
ware are given in Section 2.1. The data collected with CAMO
provide a direct way of studying the details of fragmentation for
mm-sized meteoroids and offer the prospect of order of mag-
nitude more precise meteoroid orbits as compared to classical
fixed-camera systems (Vida et al., 2020a). Observing meteor
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Figure 1: Block diagram of the CAMO mirror tracking system.
morphology and distinguishing the wake reveals the underlying
physics of ablation and fragmentation, and allows direct mea-
surements of individual fragments: their dynamics, differential
deceleration, mass, mass distribution, and strengths. Figure 2
shows an example composite image of two meteors observed
with the CAMO narrow field of view camera, and in supple-
mentary materials we provide several meteor videos. Although
CAMO was a unique system at the time of its construction, we
note that a similar tracking system has recently been deployed
at the Ondrˇejov observatory in the Czech Republic. Neverthe-
less, in contrast to CAMO, the scientific focus the Fireball Intel-
ligent Positioning System (FIPS) is on observing details of frag-
mentation of bright fireballs (Shrbeny` et al., 2020; Borovicˇka
et al., 2020).
1.1. Previous research done using CAMO data
The CAMO mirror tracking system has been operational
since 2009. An early study by Subasinghe et al. (2016) showed
that 90% of the mm-sized meteors observed by CAMO dis-
play observable fragmentation while Campbell-Brown (2017)
recognized that light curves of meteors with short or invisible
wakes (resembling single-body meteors) cannot be explained
without including continuous fragmentation in their ablation
model. In an effort to explain meteors with double-peaked light
curves, Subasinghe and Campbell-Brown (2019) found that even
allowing for large compositional differences within meteoroids
to produce multiple peaks, fragmentation still had to be in-
cluded to explain the observed span of ablation heights. These
conclusions from direct observations are in accordance with
classical works (e.g. Verniani, 1969), and strongly support the
notion that meteors cannot be modelled as single bodies and
Figure 2: Composite grey-inverted image of two meteors recorded using the
narrow-field camera. Both meteors are rotated and their leading edges aligned
so the evolving meteor morphology is highlighted in this vertical stack, with
time increasing from top to bottom and frame number given to the left. Left:
An α Capricornid recorded on August 4, 2019 at 06:02:42 UTC. Right: An α
Capricornid recorded on July 27, 2019 at 04:21:22 UTC. Note that even though
they are of the same origin, the meteor on the left erodes away leaving a single
distinct fragment with no wake, while the one on the right completely disinte-
grates into a long cylinder of dust.
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that fragmentation is an essential process of the meteor phe-
nomenon.
Stokan et al. (2013) directly measured optical trail widths
of meteors using CAMO, a parameter vital for computing me-
teoroid masses from radar observations. Stokan and Campbell-
Brown (2014) were the first to recognize a class of fragmenting
mm-sized meteors producing large lateral fragment separations.
The transverse speeds of fragments produced by these faint
meteors approached 100 m s−1, constraining the range of me-
teoroid strengths by assuming rotational- or charge-based frag-
mentation. Subasinghe et al. (2016) classified meteors by their
fragmentation morphology and found that the frequency and
type of fragmentation does not correlate with orbital classes,
i.e. meteoroids on asteroidal-type orbits fragment in the same
way and as often as those on cometary-type orbits. Subasinghe
and Campbell-Brown (2019) found that meteors with double-
peaked light curves on asteroidal-type orbits usually have a very
sharp second lightcurve peak, indicating that the meteoroid ei-
ther disrupted or suddenly released many small grains; in con-
trast, meteoroids on cometary-like orbits had smooth two-peaked
light curves.
Using the fact that the CAMO mirror tracking system is
able to gather data allowing for precise measurement of me-
teoroid deceleration, Subasinghe et al. (2017) and Subasinghe
and Campbell-Brown (2018) derived luminous efficiencies of
meteors by comparing the dynamic and photometric masses.
Their results were broadly consistent with both theory and pre-
vious measurements, but measurement errors were still too high
to accurately identify the best-matching theoretical model of lu-
minous efficiency. In contrast to the luminous efficiencies esti-
mated for fireballs (Ceplecha and Revelle, 2005), Subasinghe
and Campbell-Brown (2018) found a negative linear correla-
tion of luminous efficiency with initial meteoroid mass, a trend
also recently reported by Cˇapek et al. (2019) who computed lu-
minous efficiencies for iron meteoroids by comparing observed
and simulated meteor re-radiation energies.
As meteor wakes are easily visible with CAMO, they pro-
vide an additional constraint on meteoroid ablation and frag-
mentation models beyond observed light curves and decelera-
tion. Campbell-Brown et al. (2013) compared fits of the thermal
disruption model of Campbell-Brown and Koschny (2004) and
the thermal erosion model of Borovicˇka et al. (2007) for sev-
eral CAMO meteors. In most cases, they were able to match
the observed light curve and deceleration, but not the wake.
Campbell-Brown (2017) was able to fit all three features of one
meteor with a short and faint wake using a modified ablation
model, where short bursts of fragments were continuously re-
leased, a fragmentation model similar to the Borovicˇka et al.
(2007) erosion model.
This emphasizes the complexity of fragmentation for mm-
sized meteoroids as well as the different modes of such frag-
mentation. In some instances, for example, discrete fragments
are visible in CAMO imagery and the fragment release heights
are measurable. For such cases, it may be possible to extend
CAMO observations to infer the compressive strengths of small
meteoroids, an otherwise difficult to measure parameter.
1.2. Introduction to meteoroid strength measurements
Measuring mechanical strengths of meteoroids provides in-
sights into the corresponding surface strengths of their parent
bodies. Biele et al. (2009) thoroughly reviewed past meteoroid
strength studies for the purpose of designing the landing gear
and landing procedure for Rosetta’s ill-fated Philae comet lan-
der. As comets consist of the most pristine material leftover
from the formation of the Solar System (Blum et al., 2017),
understanding mechanical properties of their constituent parti-
cles informs models of dust aggregate growth in protoplanetary
disks (Güttler et al., 2009). Finally, understanding the comet
mechanical surface strength is essential for models of comet
activity and dust mass distribution (Gundlach et al., 2018).
Global-scale strengths of comets can be investigated though
some types of comet and asteroid break-ups, such as rotational
(e.g. Lisse et al., 1999; Davidsson, 2001; Sánchez and Scheeres,
2014), or tidally-driven (Asphaug and Benz, 1996). At millime-
ter to meter scales, strengths can be derived either theoretically
(e.g. Güttler et al., 2009) or from direct measurements. The
measurements done in-situ are rather limited in number due to
the complexity of the task.
Hornung et al. (2016) analyzed the dust from comet 67P
/Churyumov-Gerasimenko at sizes between 10 µm and 300 µm,
collected by the COSIMA instrument onboard the Rosetta space-
craft. They found that particles smaller than 100 µm remained
largely undamaged when they collided with the instrument col-
lection plate at velocities of several meters per second, but that
particles larger than 100 µm (i.e. optical meteor sizes) mostly
fragmented upon collision into smaller grains of several tens of
microns in size. They estimate that the mechanical strength of
larger particles is of the order of several kilopascals (± factor
of 2), a result supported by subsequent experimental work of
Gundlach et al. (2018).
Microscopic imaging of dust particles collected by COSIMA
(Hornung et al., 2016) shows that the dust has an agglomerate
structure, with the constituent particles on the order of a few
tens of microns. Their critical observation with implications
for meteoroids is, quoting from Hornung et al. (2016): “... these
sub-units, which we denoted as ‘elements’ for not-fragmented
dust particles are essentially within the same size range as the
individual ‘fragments’ dispersed by the impact-fragmented dust
particles. This observation seems to show that the fragments
are not formed by the impact, but pre-existing in the parent dust
agglomerate, and simply broken apart during the impact.” In
section 6.2.1 we discuss a meteor observed by CAMO which
supports this statement. We also note that the sizes of elemen-
tal grains observed by Hornung et al. (2016) match the grain
size distribution derived from meteor flares (Simonenko, 1968)
and meteoroid erosion models (Borovicˇka et al., 2007; Vojácˇek
et al., 2019).
Due to the unsuccessful landing of the Philae lander, during
which it bounced off the surface of 67P/ Churyumov-Gerasimenko
several times, Biele et al. (2015) were able to estimate that the
compressive strength of softer surface regions was on the order
of 1 kPa on 10 cm-to-meter scales, the maximum being between
2-3 kPa. The lander finally landed on a hard surface with a com-
pressive strength of >2 MPa.
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For the purpose of understanding the physics of planetesi-
mal formation in protoplanetary disks, many authors have per-
formed experiments in which they investigate growth of dust
agglomerates from micron-sized dust through sticking (Blum
et al., 2000; Blum and Wurm, 2000; Krause and Blum, 2004).
The growth to mm-sized fractal dust aggregates is supported by
the theoretical relative collision velocities found in protoplane-
tary disks, but as the particles grow in size so do the velocities,
which should in theory lead to fragmentation of these larger
particles (Blum and Wurm, 2008). To overcome the mm-size
fragmentation boundary, lower collision velocities are needed
to facilitate further sticking. It is believed that gas compression
may play a role at those sizes (Kataoka et al., 2013; Birnstiel
et al., 2016). To determine how low the velocities must be, Wei-
dling et al. (2012) performed a microgravity experiment where
they investigated the sticking of mm-sized SiO2 dust aggregate
analogs at velocities as low as 1 mm s−1. They reproduced the
sticking behaviour and shown that the contact strength of dust
aggregates in their experiments is at least 640 Pa. Most recently,
Kimura et al. (2020) developed a novel analytical model of
strengths of dust particles depending on their porosity and vol-
ume - their model showed good agreement with in-situ cometary
dust and in-atmosphere meteoroid strength measurements.
1.3. Strength measurements from meteoroid fragmentation in
the atmosphere
Mechanical strengths can also be derived from fragmenta-
tion of meteoroids in the atmosphere. If the height of fragmen-
tation is known, one can assume that the dynamic ram pres-
sure exerted on the meteoroid at the moment of fragmentation
is a proxy for the compressive strength. Note that other au-
thors may call this the “tensile” strength (Baldwin and Sheaf-
fer, 1971; Trigo-Rodríguez and Llorca, 2006) due to the as-
sumption of e.g. differential thermal heating causing internal
thermal stress, or bending due to a non-spherical shape. Be-
cause we do not use a thermal model, nor attempt to measure
the meteoroid shape, we assume that the fragmentation happens
due to mechanical failure caused the by pressure difference be-
tween the front and the back of the meteoroid, thus we use the
term “compressive” strength (Kataoka, 2017). Nevertheless,
we note that thermal stress due to differential thermal heating
may play a role for >1 mm sized meteoroids (it is negligible at
smaller sizes; Verniani, 1969). Past models of thermal stresses
within meteoroids during entry often assume cm-sized mete-
oroids to be non-porous (basalt-like) stony particles. These are
expected to show large internal temperature gradients (Elford,
1999; Bariselli et al., 2020) which should in theory catastrophi-
cally fragment before ablation begins (Jones and Kaiser, 1966).
However, high resolution CAMO observations reported by Sub-
asinghe et al. (2016) show that gross fragmentation only occurs
in 5% of the cases, and most happen after the onset of ablation.
It is unclear whether thermal fragmentation remains a plausi-
ble process for highly porous dust aggregates; the recent work
by Markkanen and Agarwal (2019) shows that 0.5 mm porous
aggregates are able to withstand internal temperature gradients
of more than 150 K. This mechanism should be investigated in
more detail. Here we assume dynamic pressure is the dominant
process of gross fragmentation.
Using a model of atmosphere mass density, the dynamic
pressure can be simply computed using the following expres-
sion:
Pdyn = Γv2ρ(h) (1)
where Γ is the drag coefficient (usually assumed to be unity
in free molecular flow, appropriate to most events observed by
CAMO), v is the meteoroid speed at the moment of fragmen-
tation, and ρ(h) is the atmosphere mass density at the height of
fragmentation h.
It has long been understood that if smaller meteoroids do
fragment when they enter the atmosphere, this fragmentation
occurs at the dynamic pressure of around 1-2 kPa (Verniani,
1969). Past in-atmosphere meteoroid strength studies either
used a rule of thumb or an ablation model to estimate when this
fragmentation may occur; Blum et al. (2014) gives an overview
of past work. Trigo-Rodríguez and Llorca (2006) measured
strengths in the range from 400 Pa for the Draconids to 340 kPa
for the Taurids, assuming that meteoroids disrupted at the point
of maximum brightness. On the other hand, Borovicˇka et al.
(2007) fit observed meteor light curves and decelerations to a
meteoroid ablation model and concluded that except for bright
fireballs, fragmentation does not coincide with the point of max-
imum brightness. They estimated that the compressive strengths
of more compact parts of Draconid meteoroids are in the range
of 5-20 kPa. They also note that meteoroid erosion (continuous
fragmentation into constituent grains) can start earlier and may
not be due to mechanical forces, and that only fireball flares are
caused by disruption (catastrophic fragmentation) which could
reveal the compressive strength. Regardless of the possible
mechanisms of disruption/fragmentation, precise determination
of the fragmentation time can set concrete upper limits to me-
chanical bulk strengths of meteoroids.
Borovicˇka et al. (2020) analyzed compressive strengths of
meteorite-dropping fireballs and found that although only the
strongest parts of meteoroids (20-40 MPa) survive the atmo-
spheric flight, the fragmentation starts at strengths as low as 40-
120 kPa. They suggest that these weak parts of meteoroids are
reassembled and cemented debris of asteroid collisions. Shrbeny`
et al. (2020) investigated strengths of smaller non-meteorite
dropping fireballs and found that they start to release grains
at strengths between 4 and 62 kPa. In both these two papers,
the authors used a meteoroid ablation and fragmentation model
to fit the observed light curve and the deceleration. They as-
sumed that the wake-producing erosion into µm-sized grains
began due to mechanical failure. This approach is different
from Borovicˇka et al. (2007) who suggested that the onset of
erosion might be due to thermal effects (e.g. a temperature
gradient near the surface of the body), as the whole meteoroid
doesn’t experience mechanical failure at once, but only the grains
get released from the surface at a sustained rate.
1.4. Motivation and overview
This paper was preceded by two theoretical papers which
investigated the limits of meteor trajectory accuracy achievable
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with CAMO. When computing meteoroid orbits, understanding
the accuracy of two separate components is essential: the me-
teoroid pre-atmosphere velocity and the radiant. In Vida et al.
(2018b) an ablation model was used to simulate meteoroids of
different physical properties as they would be observed by var-
ious optical observation systems, including CAMO. In partic-
ular, they investigated whether measuring the meteor velocity
at the beginning of the luminous trajectory produced accurate
pre-atmosphere velocity measurements. They found that me-
teoroids producing optical meteors can significantly decelerate
before their ablation becomes visible, up to 750 m s−1, which
is an order of magnitude more than the velocity measurement
precision of the CAMO system. Vida et al. (2018b) have also
shown that this deceleration is highly influenced by meteoroid
density and other physical properties, implying that ablation
models must be used to fit the observed meteor to invert for
the true pre-atmosphere velocity; thus the ultimate limitation on
velocity accuracy is the efficacy of the adopted ablation model.
Vida et al. (2020b) and Vida et al. (2020a) investigated the
radiant accuracy that can be achieved by CAMO and found
that it is an order of magnitude more accurate (∼0.01°) than
what is needed to measure the model-estimated true physical
radiant dispersion of the most compact meteor showers, specif-
ically the Draconids. They also found that existing methods
of meteor trajectory estimation were not suitable for the high-
precision CAMO data, so an improved method was developed
which simultaneously uses both the geometrical and dynamical
information to constrain meteor trajectory solutions, but with-
out forcing a kinematic model.
In this work, we first describe recent upgrades to the CAMO
hardware, software, and data reduction procedure in detail. In
section 5 we present the first results of high-precision meteor
reductions on CAMO data and discuss the implications of the
observed meteor morphology on trajectory accuracy. Next, in
section 6, we estimate compressive strengths of select mete-
ors by taking the dynamic pressure at the moment of observ-
able gross fragmentation as a proxy of strength. The measure-
ments were only done for meteoroids where the exact moment
of fragmentation was directly visible in the CAMO recordings.
In section 6.1 we perform a brief sensitivity analysis of com-
puting dynamic pressures in practice, with a special focus on
the uncertainty of the atmosphere density. Next, in section 6.2
we describe an event observed with the CAMO tracking system
on July 21, 2017 which shows the exact moment of gross frag-
mentation that prompted us to develop a method of direct com-
pressive strength measurement (Vida et al., 2018a). Finally, in
section 6.3 we present compressive strength results for a small
number of events by applying our approach to several meteors
showing gross fragmentaion.
2. CAMO mirror tracking system specifications
The first version of the CAMO system started regular opera-
tions in 2009 and was described by Weryk et al. (2013). CAMO
is comprised of two identical systems in Southwestern Ontario,
Canada, separated by ∼45 km. The first is located near Tavis-
tock and is co-located with the Canadian Meteor Orbit Radar
(CMOR) (43.264 20° N, 80.772 09° W, 329 m), while the other
is at the Elginfield Observatory (43.192 79° N, 81.315 65° W,
324 m). Both systems are pointed roughly northward at an el-
evation of 45° to avoid sunlight, moonlight, and the galactic
plane. Their common volume overlap is optimized for heights
between 70 km and 120 km. This configuration limits the max-
imum convergence angle between stations to ∼27°, but this has
no detrimental effect on meteor trajectory accuracy due to the
fine astrometric scale of the data when an appropriate trajectory
solver is used (Vida et al., 2020a).
2.1. System hardware
In mid-2017, the system hardware was upgraded to extend
CAMO’s operational lifespan. Both the wide and the narrow-
field cameras, which are lens coupled to Generation 3 image
intensifiers, were replaced with 14-bit Prosilica GX1050 digital
progressive scan CCD cameras which use a Gigabit Ethernet in-
terface, and have an image resolution of 1024×1024 pixels. The
video is cropped to 900×900 pixels, as the edges of the field of
view are not covered by the intensifier. The wide-field camera
is operated at 80 frames per second, and the narrow-field cam-
era at 100. The intensifiers were upgraded to new 18 mm di-
ameter ITT FS9910 series Generation 3 image intensifiers with
64 line pairs per millimeter resolution, providing a close to 1:1
match to the camera resolution. The intensifier on the wide-
field camera is operated continuously during observations, but
the narrow-field intensifier is gated and only turns on if a me-
teor is being tracked. This saves up to 99% of intensifier time,
significantly prolonging its lifetime.
The lens setup remained the same as before, with a 25 mm
f/0.85 lens on the wide-field, giving a field of view of 34°×34°.
The narrow-field optics are also unchanged and consist of an
80 mm aperture APO telescope with a 545 mm focal length. As
the telescope is looking at mirrors with an effective radius of
50 mm, the narrow-field setup’s focal ratio is reduced to f/11,
giving it a field of view of 1.5° × 1.5° and a plate scale of 6
arcsec per pixel. The effective meteor limiting magnitude of the
wide-field system is about +4.5M , and the narrow-field +7M .
Assuming that ideal centroiding can improve position mea-
surements by a factor of three, this system is at the limit of the
average atmospheric seeing in Southwestern Ontario, thus no
further improvement in resolution can be achieved under these
conditions. The two mirrors on orthogonal axes are attached to
a Cambridge Technology 6900 optical scanner, a galvanometer-
based system with a maximum slew rate of 2000 deg/s and a
field of regard of 39° × 38°. Figure 3 shows the comparison of
the fields of view of all optical subsystems. The mirrors on the
optical scanner are precisely positioned by changing the volt-
age of each axis between −10 V and 10 V using a 16-bit digital-
to-analog converter, giving an angular step-size resolution of
∼ 2.2 arcsec/ADU, equivalent to 1/3 of a pixel in the narrow-
field camera.
The clock on the computers that operate each camera is
GPS conditioned using the network time protocol (NTP), but
the video frames are timestamped on the camera to avoid tim-
ing errors due to Ethernet network latency. We found that the
camera’s internal clock drifts over time relative to the NTP
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Figure 3: Fields of view of all CAMO optical subsystems at the Elginfield site.
The narrow field of view can move to any location inside the mirror field of
regard.
computer clock, so we apply a frame time correction by oc-
casionally checking the temporal drift and fitting a linear model
through the time differences during nighttime observations. To-
tal time drifts remain sub-frame between time calibrations, which
occur every two hours during operations.
The optical system is contained within a weather-resistant
enclosure inside a roll-off roof shed which only opens during
optimal weather conditions (Weryk et al., 2013). The system
layout is shown in Figure 4.
2.2. Detection software and tracking
The meteor detection algorithm used by CAMO has been
described in detail in Weryk et al. (2013). In this paper we
Figure 4: Layout of CAMO systems. The enclosure of the mirror tracking
system with BK7 glass windows of individual cameras is shown. The position
of the telescope (inside the block enclosure) is outlined and superimposed on
the image. The CAMO influx camera (Musci et al., 2012) is at the lower right,
but is not used in this work.
only give a short summary, but thoroughly describe the calibra-
tion methods which were not discussed in detail in Weryk et al.
(2013).
As image-intensified video is dominated by high frequency
shot noise, we use a normalised first-order low-pass finite im-
pulse response filter in our detection algorithm (Weryk and Brown,
2012). This approach eliminates bright and short bursts of noise,
while being sensitive to any medium frequency events (such as
meteors) which appear above the static background. The shot
noise does not typically have enough trigger pixels to form a de-
tection. The algorithm runs in real time on the wide-field video
feed and once it detects a meteor in 8 frames, it fits a constant
angular speed model based on these detections. The mirrors
then slew to and track according to the model-predicted mo-
tion, having their positions updated 2000 times a second. Due
to the mirror inertia and high speed of position updates, their
motion becomes fluid, allowing the imaging to match the refer-
ence frame of each tracked meteor. A record of mirror position
at every update is kept, making high-precision astrometry us-
ing narrow-field data possible. Note that there are no encoders
which read the actual position, thus the “commanded to" and
the actual position may differ. We find that this simple track-
ing algorithm is able to keep meteors within the narrow field of
view camera in most cases over their full visible trajectory. Fi-
nally, note that because of the tracking delay of 8 frames (0.1 s
at 80 FPS), the high-precision position measurements are also
delayed, which may cause initial velocities of meteors to be un-
derestimated if computed using narrow-field data.
3. Calibration
3.1. Operational plates for tracking
To steer the mirrors when a meteor is being tracked, wide-
field camera imagery coordinates (wx,wy) are converted into
analog-digital units (hx, hy) of the 16-bit voltage controller which
positions the mirrors. As the telescope optical axis is fixed with
respect to the mirror, it also points at hx, hy - this always cor-
responds to the centre of the narrow-field camera image axis.
This mapping is achieved using a guide plate, an affine trans-
form mapping between wx,wy and hx, hy. Thus when a good
guide plate is used, tracked meteors should be in the centre
of the field of view of the narrow-field camera. guide plates
are created by pairing stars in the wide-field camera imagery
with the same stars centred in the narrow-field camera, and fit-
ting an affine AFF type plate (see Appendix A.2 for details).
As the narrow-field camera has a very small field of view, it
would be difficult to do this pairing manually, so a mosaic of
narrow-field images taken across the whole mirror field of re-
gard is constructed to produce a first fit when the optical system
components are installed or have been moved.
The fitting procedure requires the paired stars to be cen-
tered in the narrow field of view images to produce a quality fit.
When the mosaic is created, the stars can be anywhere inside
the narrow field of view. To “virtually” center them, a scale
plate is used which maps offsets from the narrow-field image
centre (∆nx,∆ny) to offsets in mirror units (∆hx,∆hy). Thus
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Figure 5: Left: One of four patterns used for moving a star within the narrow-
field system which produces a hexagonal pattern in the scale plate phase
space. The pattern starts after the star has been centered. The first movement is
represented with the darkest arrow. Right: Points organized in a hexagon in the
scale plate phase space produced by all four patterns of movement. The black
rectangle outlines the range of possible input values of the scale plate, which is
± half the image size in each dimension. The points outside the rectangle are
used to improve the fit at the edges of the phase space and were obtained by
moving a star past the centre of the image. One such movement is represented
by the lightest long diagonal arrow in the left inset, which produced a point
around ∆nx = 450, ∆ny = −450 in this example.
the scale plate is used to compute hx, hy coordinates of paired
narrow-field stars, and a guide plate can be fit.
A scale plate is made by locking and centering the mir-
rors onto a bright star, then moving the mirrors by small steps
in a specific pattern to obtain pairs of ∆nx,∆ny and ∆hx,∆hy.
An affine type (AFF) plate is fit on those data pairs. Figure 5
shows the movement pattern which produces a set of points in
the scale plate parameter space which form a hexagon. The
data points are distributed in such a way as to equalize the dis-
tance between the edges of the parameter space and the points
themselves, optimally populating the parameter space.
In general the scale plate does not change over long peri-
ods as it reflects the stability of the fixed effective focal length
of the narrow field optics. The guide plate is also relatively
invariant as long as the wide field and narrow field systems re-
main fixed relative to one another; this typically does not re-
quire updating more than a few times per year.
3.2. Astrometry calibration plates
Table 1 summarizes all calibration plates used by CAMO.
To compute meteor trajectories after data collection, image and
mirror coordinates have to be converted into celestial coordi-
nates. The astrometric calibration of the wide-field camera is
done by manually pairing image stars with catalog stars and fit-
ting an astrometric AST type plate (see appendix Appendix A.1
for details). Star positions and magnitudes are taken from the
SKY2000 catalog (Weryk et al., 2013). This procedure pro-
duces a calib plate which maps wide-field image coordinates
wx,wy into local horizontal celestial coordinates: the zenith an-
gle θ, the azimuth ϕ measured North of East. The calib plate
may change slightly under different thermal conditions as the
wide field camera mounting moves, but this is usually a small
change night-to-night (of order a few hundredths of a degree).
The exact plate maps mirror coordinates hx, hy into θ, ϕ
and is used for computing high-precision astrometry using narrow-
Figure 6: Screenshot of the CAMO weblog page showing three Perseids. Co-
added video frames from all sites and both wide and narrow field of view cam-
eras are shown.
field video data. The exact plate is created in several steps.
First, a list of stars in the wide field of view sorted by their
brightness is produced using the star catalog and the calib
plate. Next, the mirrors are pointed to the 80 brightest stars
using the guide plate. Off-center stars are moved to the center
of the narrow field of view using the scale plate. This proce-
dure is done every two hours during system operations to en-
sure the quality of the astrometry. Finally, the collected pairs
of mirror coordinates hx, hx and star coordinates θ, ϕ are used
to fit an exact AST type plate. The exact plate avoids using
the calib plate which is limited by the spatial resolution of the
wide-field camera. The exact plate is the most time-varying, as
very slight changes in the mirror directions produced by thermal
effects may cause drift in the encoder positions relative to the
sky. The exact plate has to be computed and updated nightly,
sometimes even multiple times per night to maintain the full
narrow-field positional accuracy.
4. Data reduction
4.1. CAMO tracking system weblog
After a full night of automated meteor detection is com-
plete, event data (cutouts of wide- and narrow-field videos) are
sent to a central server where meteoroid orbits are computed
based on the operational astrometric plates. Every morning, a
weblog page is generated with images and preliminary orbits of
events based on wide-field imagery automatically detected the
previous night. CAMO successfully detects and tracks about
a dozen meteors to a limiting stellar magnitude of +4M at two
stations on an average clear night with nominal meteor activ-
ity. Videos of tracked events can be inspected which helps to
identify events suited for further in-depth study (through man-
ual data reduction). Figure 6 shows a screenshot of the weblog
page showing three Perseid meteors from August 13, 2019.
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Table 1: Meaning of the various plates used for CAMO calibration. wx, wy are pixel coordinates of the wide-field camera, nx, ny are pixel coordinates of the
narrow-field camera, and hx, hy are mirror encoder coordinates. θ, ϕ are local horizontal coordinates, namely the zenith angle and the azimuth (+N of due E), as
described in Appendix A.1.
Plate Input Output Type Description
calib wx, wy θ, ϕ AST Wide-field astrometric calibration.
guide wx, wy hx, hy AFF Pointing mirrors to the given wide-filed pixel.
scale ∆nx, ∆ny ∆hx, ∆hy AFF Narrow-field offsets from image centre to
offsets in mirror encoder coordinates.
exact hx, hy θ, ϕ AST Mirror astrometric calibration.
4.2. Manual reduction of wide-field data
The reduction of data from the wide FOV camera is de-
scribed in detail in Weryk et al. (2013). Briefly, the ASGARD
automated meteor detection software (Weryk et al., 2007) stores
raw video frames of meteor detections. Flat fields are cre-
ated by median co-adding a large number of video frames from
throughout the night, which eliminates star trails. calib as-
trometric plates are manually fit on the video data from both
the Elginfield and Tavistock sites to ensure good quality of the
astrometry and photometry.
Meteor position picks are done by manually defining the
centroiding region position and radius (the semi-automated al-
gorithm computes intensity-weighted centre of mass) and the
photometry is done by masking which pixels belong to the me-
teor on each video frame. The astrometric picks are run through
the meteor trajectory estimation code based on Borovicˇka (1990)
which uses a lines of sight method, and a heliocentric meteoroid
orbit is computed. This initial solution is only used to decide
whether the meteor warrants additional manual reduction.
4.3. Manual reduction of narrow-field data
Narrow-field data is manually reduced using the mirfit
software (previously used in Subasinghe et al., 2017). With this
software, the raw video frames and astrometric plates (exact
and scale) which were created closest to the time of each
event are loaded. The quality of the astrometric solution is
confirmed by reverse mapping star catalog positions onto each
video frame, and checking that they match the true positions of
stars. Figure 7 shows the mirfit graphical user interface and
an example with two stars in the narrow field of view.
Making meteor position picks on every frame is often dif-
ficult and subjective due to the complex morphology and frag-
mentation that may be present. In many cases, the precision
of the meteor trajectory is limited by the morphology, regard-
less of the resolving power and precision of the CAMO track-
ing system. For example, Figure 8 shows a meteor that dis-
integrated into a long cylinder of luminous dust, making any
consistent and precise astrometric picks after fragmentation im-
possible. However, we found that the best approach is to cen-
troid on the most consistent leading fragment or feature that
exists throughout the event as long as possible. This maximizes
the number of picks, and better ensures a common feature is
tracked from both sites. Sometimes the picks must be set man-
ually to a pixel at the leading edge of the trail during fragmen-
tation, as individual features cannot always be resolved.
Figure 7: mirfit graphical user interface. A video frame with a meteor is
shown, and the centroid pick for the current frame is marked with a large red
plus sign, while astrometric picks on previous and subsequent video frames are
marked with smaller red plus signs. Two diamonds mark the predicted positions
of stars in the image, which become trailed as the mirrors track the meteor. The
diamonds are the exact plate estimates of the two catalog star positions, and
are at the end of each trail due to the camera timestamping each video frame at
the end of the exposure.
Figure 8: Three video frames from a meteor observed on May 17, 2017 at
04:54:26 UTC. The top plots show cropped video frames around the meteor,
while the bottom plots shows their respective 3D intensity profiles.
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Figure 9: Schematic showing how the computation of narrow-field astrometry
is performed.
Computing celestial coordinates of observed meteors using
narrow-field data is done in several steps. Figure 9 shows a di-
agram of the procedure. First, assuming picks of meteor posi-
tions with coordinates nx, ny were done on a particular narrow-
field video frame, offsets ∆nx,∆ny from the narrow-field image
center are computed. ∆nx,∆ny are then mapped into offsets in
mirror units, ∆hx,∆hy using the scale plate. ∆hx,∆hy indicate
the mirror encoder position offset required to centre the meteor
in the narrow field. On average, a change of 3 mirror units will
shift the narrow-field image by 1 pixel.
As the narrow-field camera’s frame rate is not phase syn-
chronized with mirror position updates, the equivalent mirror
pointing coordinates hx, hy at the time the video frame was recorded
are computed by linearly interpolating the recorded mirror po-
sitions in time. The offset in mirror units (∆hx, ∆hy) is added to
the actual mirror positions (hx, hy) at the frame time. Using the
exact plate, the resulting mirror units are mapped onto the ce-
lestial sphere. One pixel in the narrow-field image roughly cor-
responds to 6 arc seconds on the sky (3 m resolution at 100 km
range), and thus 1 mirror unit corresponds to about 2 arc sec-
onds on the sky.
The narrow-field photometry is not used operationally be-
cause a meteor is usually spread over a large number of pixels
in the image, which significantly reduces its signal to noise ra-
tio, especially for fainter wakes. Also, there is a factor of 2
variation in sensitivity across the mirror field of regard, as the
total mirror overlap is less on the edges of the field of regard.
Nevertheless, photometry can be manually measured for indi-
vidual events.
Once the narrow-field astrometric reduction is done from
both sites, the meteor trajectory is computed using the Monte
Carlo trajectory solver (Vida et al., 2020b). This algorithm
computes the radiant, heliocentric orbital elements, and asso-
ciated uncertainties using the variance in the measured look an-
gles as estimators for the precision of the measurements.
Due to the fact that meteoroids decelerate up to 500 m s−1
prior to becoming detectable by CAMO (Vida et al., 2018b),
and that there exists a ∼0.1 s delay before the narrow-field track-
ing starts during which the meteoroid decelerates even more,
we emphasize that all measurements of the initial velocity in
this paper are surely underestimated. Thus, the stated uncer-
tainties only reflect the measurement precision of the velocity
at the start of narrow-field tracking, and not the absolute initial
velocity accuracy at the top of the atmosphere. We do not apply
the correction suggested by Vida et al. (2018b) to avoid intro-
ducing potential biases and confusion in the measurements. As
suggested by that work, in the future we will fit a meteoroid
ablation and fragmentation model to our observations to invert
the physical properties and the true initial velocity at the top
of the atmosphere. Note that this approach will still potentially
be limited by the suitability of the model, although CAMO can
provide further constraints such as the meteoroid wake and the
fragmentation details, in addition to the light curve and high-
precision deceleration.
5. Examples of reduced meteors
In this section, we show three representative examples of
ultra-high precision meteor trajectory solutions computed from
CAMO narrow-field data and comment on their radiant and ve-
locity accuracy. We show that the accuracy is mainly limited by
meteor morphology; the three examples cover meteors having
the most to the least favourable morphology.
5.1. Morphologies allowing for high precision measurements
Figure 10 shows a composite image of a sporadic meteor
observed by the CAMO tracking system on October 7, 2016,
with the meteor being well tracked from both sites. As seen
in the figure, the spatial fit residuals are below one meter (the
corresponding angular residuals are ∼ 1 arc second), and the
point-to-point velocities are very compact and show obvious
smooth deceleration. The lag, defined as the “distance that the
meteoroid falls behind an object with a constant velocity that
is equal to the initial meteoroid velocity” (Subasinghe et al.,
2017), matches well between both stations, an indication of
a good trajectory solution (Vida et al., 2020b). The meteor
showed only continuous fragmentation and no gross fragmen-
tation; this favourable morphology contributed to the quality of
the trajectory solution.
In Table 2 we give the radiant and osculating orbital ele-
ments computed using the Monte Carlo trajectory solver (Vida
et al., 2020b). The stated uncertainties are small, but there are
several caveats. First, the compensation for deceleration prior
to detection was not done, thus the initial velocity may be un-
derestimated as much as 500 m s−1 (Vida et al., 2018b). Conse-
quently, the stated velocity measurement uncertainty gives the
precision, not the accuracy. Second, Vida et al. (2020a) have
shown that radiant uncertainties for CAMO are usually under-
estimated by a factor of 3 to 4 with this solver based on com-
parison with simulations. Third, due to the time needed for the
narrow-field tracking to begin, the initial velocity is even fur-
ther underestimated. Thus the real radiant accuracy is probably
∼ 0.025°, well within the minimum precision of 0.1° neces-
sary to measure the true physical dispersions of meteor showers
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Figure 10: Reduction of a meteor observed on October 7, 2016 at 05:27:49
UTC. Upper left: A composite image of the last 13 narrow-field video frames
rotated and cropped so that the leading edge is aligned in every frame. The
time progresses from left to right at 10 ms increments. Upper right: Spatial fit
residuals from the Tavistock site. Lower left: Point-to-point velocities. Lower
right: Lag of the leading edge compared to a fixed velocity model. The “Jacchia
fit" shows a fitted exponential deceleration model given in equation 2.
(Vida et al., 2020a). As for the initial velocity, to reconstruct the
original value without the deceleration from various sources, an
meteoroid ablation and fragmentation model will have to fit to
observations (Vida et al., 2018b).
5.2. Morphologies with deteriorating measurement precision
Figure 11 shows a Southern δ Aquariid meteor observed
on August 10, 2019 at 06:09:57 UTC. This meteor had a sud-
den change in morphology halfway through the observation
caused by an increase in the rate of continuous ablation. Prior
to the change, the meteor had compact morphology with a short
wake. The whole meteor was centroided prior to the morphol-
ogy change during the manual reduction, excluding the short
wake, which produced robust astrometry picks and well-matched
velocities from both sites. After the morphology change, the
wake became longer and the meteoroid morphology became
elongated, showing a leading fragment at the front. At that
point the leading fragment was followed, but due to the lower
signal to noise ratio and interference from released grains and
the wake, the picks were less consistent, which caused a large
spread in point-to-point velocities. The change can be seen in
the lag as a sudden shift back towards the zero lag line, as the
reference point moved forward to the leading fragment by a
fixed amount. However, this change did not influence the tra-
jectory fit residuals as the leading fragment did not have a trans-
verse velocity component, though this is not always the case
(e.g. Stokan and Campbell-Brown, 2014). Table 2 provides the
orbital elements and uncertainties for this event. The uncertain-
ties in the radiant and the orbital elements are larger than for
the previous event, mainly due to the larger pick scatter in the
second half of the meteor trajectory. In contrast, the geocentric
velocity uncertainty remained low because the initial velocity
Figure 11: Reduction of a meteor observed on August 10, 2019 at 06:19:57
UTC. Upper left: A composite image of the middle 19 narrow-field video
frames rotated and cropped so that the leading edge is aligned in every frame.
The morphology change occurs halfway though the shown frames. The time
progresses from left to right. Upper right: Spatial fit residuals from the Tavi-
stock site. Lower left: Point-to-point velocities. Lower right: Lag with an
inflection corresponding to the change in morphology which is visible from
both stations.
used for orbital computation is found using data from the first
part of the meteor, in this case prior to the morphology change.
5.3. Morphologies which severely limit measurement precision
As a final end-member example, Figure 12 shows a meteor
on an asteroidal orbit with a probable higher bulk density than
the earlier cases, judging from the height range and small de-
celeration. It exhibited complex morphology (no leading frag-
ment, extended meteor luminosity mostly consisting of a wake),
and as a consequence, it was difficult to make consistent po-
sition picks. This is reflected in the higher scatter of spatial
residuals, velocity, and lag. In this particular case, the meteor
morphology was the limiting factor in achieving better astro-
metric precision. The radiant and the orbital elements are given
in Table 2. All uncertainties are larger than for the two previous
events due to the larger scatter in astrometric picks. Assum-
ing that the radiant uncertainty was underestimated by a factor
of 4, the true total radiant uncertainty is ∼0.2°, which may not
be sufficiently accurate to measure true physical radiant disper-
sions of compact meteor showers.
6. Meteoroid compressive strengths derived from direct ob-
servations of gross fragmentation
In contrast to optical meteor systems used for previous esti-
mates of meteoroid compressive strengths (see the summary in
Section 1.3), CAMO can directly observe gross fragmentation
of meteoroids. Earlier we described the CAMO data calibration
and reduction tools, and demonstrated how meteor morphol-
ogy limits the ultimate trajectory accuracy. In this section, we
discuss those CAMO meteors which show gross fragmentation
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Table 2: The geocentric radiant in J2000 and corresponding heliocentric orbital elements of example meteor events with different morphologies. The radiant and
velocity precision worsens for meteoroids with more fragmentation. The stated uncertainties are one sigma errors and only state the fit precision, not the absolute
accuracy. The initial velocity is underestimated due to deceleration prior to detection, and due to the time needed for the mirror to lock on to the meteor.
October 7, 2016 meteor August 10, 2019 meteor August 31, 2019 meteor
Description Short wake Fragmentation half-way Long wake, low SNR
αg (deg) 11.4761 ±0.0015 348.6155 ±0.0033 337.2336 ±0.0086
δg (deg) 15.9913 ±0.0057 −14.0499 ±0.0068 12.021 ±0.045
vg (km/s) 21.474 ±0.0010 39.488 92 ±0.0008 17.805 ±0.018
a (AU) 1.9154 ±0.0001 2.555 91 ±0.0005 1.338 22 ±0.0005
q (AU) 0.556 308 ± < 0.0001 0.100 421 ± < 0.0001 0.593 53 ±0.0003
e 0.709 573 ± < 0.0001 0.960 710 ± < 0.0001 0.556 48 ±0.0004
i (deg) 7.5026 ±0.0044 26.368 ±0.0204 12.390 ±0.037
ω (deg) 273.9063 ±0.0032 147.0144 ±0.0070 278.775 ±0.029
Ω (deg) 194.156 40 ± < 0.0001 317.090 80 ± < 0.0001 157.436 69 ± < 0.0001
Figure 12: Reduction of a meteor observed on August 31, 2019 at 09:12:42
UTC. Upper left: A composite image of 21 selected narrow-field video frames
rotated and cropped so that the leading edge is aligned in every frame. The time
progresses from left to right. Upper right: Spatial fit residuals from the Tavi-
stock site. Lower left: Point-to-point velocities. Lower right: Lag in distance
relative to a constant velocity.
of the main meteoroid body into several discrete fragments, a
process which we assume results from structural failure of the
meteoroid under the action of atmospheric dynamic pressure.
Meteors with this morphology make up about 5% of all ob-
served meteors with CAMO, and this morphology is not corre-
lated with orbital type (Subasinghe et al., 2016).
These events often have the least accurately defined astrom-
etry because there is no single consistent point of reference
that can be tracked. Frequently at the beginning of the lumi-
nous track the meteor may resemble a single object, but the
amount of continuous fragmentation is usually high and any
further consistent astrometric picks become impossible once
gross fragmentation occurs. Thus, we only use the wide-field
data to compute the reference trajectory, and we project the
narrow-field astrometric picks of individual fragments onto it
to determine their dynamics. High-precision measurement of
fragment deceleration allows us to compute precise values of
the aerodynamic ram pressure as we know the height and speed
at each frame. By observing when fragmentation occurs in the
narrow field imagery, we can estimate precise values of mete-
oroid compressive strength.
6.1. Sensitivity analysis
First we examine the uncertainty of individual parameters
used to compute the dynamic pressure from equation 1. For
the drag coefficient, we use Γ = 1, a value appropriate for a
sphere, which is a common assumption for meteoroid ablation
in free molecular flow (Fisher et al., 2000; Campbell-Brown
and Koschny, 2004; Borovicˇka et al., 2007; Vida et al., 2018b).
In fact, many works even exclude the drag coefficient from the
equation, implicitly assuming it is unity (e.g. Trigo-Rodríguez
and Llorca, 2006; Blum et al., 2014).
Observations of the morphology of cometary dust particles
by Hilchenbach et al. (2016) indicate that meteoroid compo-
nents are oblate spheroids, although we are not aware of any
works showing detailed shape analysis. If the axial ratios of
spheroid meteoroid components were to vary from 0.5 to 1.0,
drag coefficients may also vary within a factor of two (List et al.,
1973). If that was the case, and the meteoroids were not rotat-
ing, we would expect to see a comparable variation in dynamic
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pressures at points of fragmentation among fragments of one
meteoroid, assuming a fixed velocity, atmospheric mass den-
sity, and homogeneous strength.
In section 6.2.3 we further discuss the possibility of drag
coefficient variation using direct observations of fragments of
one meteoroid. Γ also varies with the Reynolds number, but
Thomas and Whipple (1951) show that spherical meteoroids
moving in a highly rarefied gas and at hypersonic speeds have
Γ ∼ 1, thus in this work we fix it to unity.
For our events, uncertainty in Pdyn is not driven by the un-
certainty in the velocity measurement. Vida et al. (2020a) have
shown that initial velocities can be reliably measured to within
0.5 km s−1. Even if one assumes a low initial velocity of only
10 km s−1, the maximum error in dynamic pressure is only 10%.
The last term required to compute the dynamic pressure is
atmospheric mass density. The most sophisticated atmosphere
mass density model available to date is the NRLMSISE-00 model
(Picone et al., 2002) which gives the atmosphere mass density
as a function of geographical location, time, and solar activity.
The time component takes the influence of seasonal changes
into account. The solar activity is modelled by using the 10.7 cm
solar flux F10.7 which slowly changes with the 11 year solar cy-
cle, although it can change dramatically on shorter time scales
due to the evolution of active regions and solar flares (Tapping,
2013). Picone et al. (2002) show that the influence of changes
in F10.7 can cause the air mass density in the upper atmosphere
(>600 km altitude) to change with an amplitude of half an order
of magnitude.
Comprehensive models like The Whole Atmosphere Com-
munity Climate Model (WACCM) (Qian et al., 2013) or the
Spectral Mesosphere/Lower Thermosphere Model (SMLTM)
(Akmaev et al., 2006) provide some insight into the mass den-
sity changes over time due to greenhouse gas cooling in the
mesosphere or solar effects. Recently, these trend studies were
updated using WACCM-X (Solomon et al., 2019), echoing the
previously reported density changes at the Mesosphere and Lower
Thermosphere (MLT). It was found that changes in mass den-
sity in the MLT are larger as compared to the altitudes below
and directly above the MLT (150-200 km).
From meteor radar observations with the co-located CMOR
(Canadian Meteor Orbit Radar) a neutral air density change
of approx. 6% per decade was obtained (Stober et al., 2014),
which corresponds well to the WACCM and SMLTM results.
Additionally, a solar cycle duration response of 2-3% in the
neutral air density was estimated. Other meteor radar studies
using the meteor ablation altitude (Jacobi et al., 2011; Lima
et al., 2015; Liu et al., 2017) or from vertical profiles of the
ambipolar diffusion measurements (Yi et al., 2019) have also
estimated the seasonal variability of the neutral air density.
However, it is the short term variability of the neutral air
density induced by atmospheric waves that is most germane for
uncertainty analysis for compressive strength estimation from
CAMO. Stober et al. (2012) explored the magnitude of the neu-
tral air density at heights of interest for CAMO and showed that
they can vary due to planetary waves during the winter season
2009/2010 using three meteor radars across Europe.
We investigated the short term variability of the neutral air
density using meteorological fields from the NAVGEM-HA (Navy
Global Environmental Model- High Altitude) numerical weather
prediction system (Hogan et al., 2014; McCormack et al., 2017;
Eckermann et al., 2018). NAVGEM-HA combines a global
forecast model of the atmosphere with a 4DVAR hybrid data
assimilation scheme (Kuhl et al., 2013) to produce global atmo-
spheric specifications for a given time period extending from
the surface to ∼116 km altitude. NAVGEM-HA assimilates a
over 3 million ground-based and satellite-based observations
every 6 hours. In the altitude region from 20-100 km the pri-
mary observation sources are temperature, ozone, and water
vapor retrievals from the Microwave Limb Sounder (MLS) on
board the Aura satellite and temperature retrievals from the SABER
instrument on board TIMED. The NAVGEM-HA output used
in this study consists of global 6-hourly wind, temperature, and
geopotential height fields on a 1° latitude/longitude grid over
74 vertical levels from 1 January to 31 December 2010. At
the upper two model levels (above ∼95 km altitude), enhanced
horizontal diffusion (i.e., a “sponge layer”) is applied to reduce
wave reflection (McCormack et al., 2015). A validation of the
NAVGEM-HA fields at the CAMO Tavistock site can be found
in Stober et al. (2019).
The annual mass density variation at the Tavistock site based
on NAVGEM-HA is shown in Figure 13. The upper panel
shows the absolute density values as contour plot with logarith-
mic scaling, and the lower panel shows the relative variability in
percent. We computed a median density value for each geopo-
tential altitude for the whole year of 2010 and used it to nor-
malize all values. Hence, the variability plot not only contains
the seasonal variability but also the atmospheric waves. From
the plots, it is apparent that the mass density at meteor heights
can vary by up to ±25% on short time scales. It is therefore
the main driver of the uncertainty in the dynamic pressure. We
adopt this ±25% value as representative of the air mass density
uncertainty and use it in what follows to estimate all dynamic
pressure measurement uncertainties.
6.2. July 21, 2017 event
We begin with a specific case study of an unusual fragment-
ing meteoroid observed on July 21, 2017. It had a very shallow
entry angle of 8° degrees and was observed for almost 4 seconds
and shows a clear double-peaked lightcurve. It was observed by
the wide-field cameras from both sites almost in its entirety, but
was only well tracked by the Tavistock narrow-field camera -
the tracking parameters were not well estimated from Elginfield
(possibly due to the long wake) where it was only tracked for a
few frames before it exited the field of view. Figure 14 shows
the co-added video frames captured by the wide-field cameras
from both sites.
6.2.1. Morphology
The tracking at Tavistock started 0.45 seconds after it was
initially observed in the wide-field camera, as the meteor was
below the automated detection threshold before that time. Fig-
ure 15 is a mosaic of six narrow-field video frames from Tavis-
tock which shows the morphological evolution. When the track-
ing started, an extended wake could be seen in the wide-field
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Figure 13: Measurement of atmosphere mass density using NAVGEM-HA
above the CAMO Tavistock site. The upper panel shows absolute values of
the mass density as daily mean values for the year 2010. The lower panel visu-
alizes the relative density variability variation from the mean.
video. For the complete narrow-field video, see the supplemen-
tary materials or http://meteor.uwo.ca/~dvida/IMC2017/
20170721_tavis_narrow.gif.
The narrow-field video showed that the wake consisted of
unresolvable grains (or dust) lagging behind several fragments
- the fragments themselves were also enveloped in the dust.
Starting 1.4 seconds after the tracking began, the dust was com-
pletely gone, leaving 12 discrete fragments visible. During this
time, the fragments noticeably decelerated and some showed
transverse motion. Several fragments with lower deceleration,
which were always brighter and presumably more massive, over-
took fainter fragments. During this period devoid of wake, the
wide-field video shows a significant dip in the brightness of the
meteor as a whole, as shown in Figure 16.
After one more second, the fragments developed short wakes
and themselves disintegrated, and the total brightness increased
again. At this point, the measurements from the wide-field cam-
era show that the bulk of the meteoroid started to rapidly de-
celerate, as shown in Figure 17 (around 2.5 seconds), and that
this disintegration produced a second peak in the light curve.
Meteors with double peaked light curves were investigated by
Roberts et al. (2014) and Subasinghe and Campbell-Brown (2019).
However, the observed behaviour of this event does not match
any of their proposed meteoroid ablation or fragmentation mech-
anisms.
6.2.2. Radiant and orbit
Because narrow-field data was only available from the Tavi-
stock site, we used wide-field data from both sites for trajectory
and orbit calculation. Due to its long duration, the meteor ex-
perienced significant bending of the trajectory from a straight
line due to gravity. This is taken into account using the Vida
et al. (2020b) meteor trajectory estimation method which we
use here.
Figure 14: Grey-inverted co-added video frames of the July 21, 2017 event.
The images are heavily speckled by intensifier shot noise due to co-adding;
individual video frames have a much better signal to noise ratio. Top: Tavistock
wide-field camera. Bottom: Elginfield wide-field camera. The black arrow
indicates the direction of flight, and the white arrow indicates the point on the
trajectory where the tracking from the Tavistock site ended.
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Figure 15: Mosaic of six narrow-field video frames from the Tavistock site for the July 21, 2017 meteor. Each discrete fragment has been tracked and labeled with
a unique number.
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Figure 16: Wide-field light curve of the July 21 fragmenting event. Station 2
is Elginfield, station 4 is Tavistock. Vertical lines show the moments of gross
fragmentation visible in the narrow field imagery.
Figure 17: Wide-field lag for the leading edge of the visible meteor. Station 2
is Elginfield, station 4 is Tavistock.
Figure 18: Wide-field camera trajectory fit residuals. The bending of the trajec-
tory due to gravity is visible. This should be ∼ 50 m for 3.5 seconds of flight.
Note that the residuals are computed with respect to a straight line aligned with
the radiant, and not a curved trajectory; thus the vertical residuals show an off-
set near the end. Black circles indicate 3σ outliers which were excluded from
the trajectory fit.
Figure 18 shows the total trajectory fit residuals computed
with respect to the radiant line, showing how significant the
deviation from the straight line approximation is in this case.
The average trajectory fit residuals from both sites were around
25 m, which translates to about 1 arc minute.
From the wide field imagery light curve, we computed a
photometric mass of m = 0.27 g using the bolometric power
of a zero-magnitude meteor P0m = 840 W (Weryk and Brown,
2013) and a dimensionless luminous efficiency τ = 0.7% (Campbell-
Brown et al., 2013) in the red bandpass. Because the end of
the meteor was not observed, this mass is a lower limit. Fur-
thermore, due to the uncertainty of the luminous efficiency, the
mass uncertainty is at least a factor of 2 (Subasinghe and Campbell-
Brown, 2018). Assuming a bulk density of 700 kg m−3, the me-
teoroid had a diameter of 9 ± 2 mm.
The meteoroid entered the atmosphere at an angle from the
horizontal of only 7.8°. It was first observed at a height of
87.849 km and it exited the wide camera field of view 3.89 s
later at a height of 79.882 km. The velocity at the beginning
was 15.9626± 0.0051 km s−1, although it had certainly deceler-
ated from its true pre-atmosphere velocity due to the low entry
angle, low velocity, and small size (Vida et al., 2018b).
To quantify the amount of deceleration prior to detection,
we used the single-body version of the ablation model of Campbell-
Brown and Koschny (2004) to simulate the meteoroid and com-
pute the deceleration from the top of the atmosphere (assumed
at 180 km) until it was detected by the wide-field cameras. The
simulation roughly reproduces the observed conditions at the
point of detection assuming a mass m = 0.17 g, bulk density
ρ = 700 kg m−3, heat of ablation Q = 4600 kJ kg−1, a dimen-
sionless luminous efficiency of 1.4%, and a beginning entry an-
gle of 15°, although we emphasize this is not a unique solution.
Note that the entry angle in the simulation is the entry angle
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relative to the surface of the Earth above the simulation start
point, at a height of 180 km. The change in the initial entry
angle was caused by the curvature of the Earth as the ground
distance between the beginning of the simulation and the first
observed point was over 800 km. Here a higher luminous effi-
ciency had to be adopted compared to earlier because no frag-
mentation was included in the model. To reproduce the mea-
sured initial velocity at the meteor beginning height, we had to
assume a velocity which was 400 m s−1 higher at the beginning
of the simulation at 180 km, indicating that the semi-major axis
was ∼ 0.4 AU higher than the nominal value.
Table 3 lists the meteoroid’s radiant and orbital elements,
with and without the initial velocity correction. The meteoroid
came from the antihelion source and was not associated with
any known meteor shower. Its Tisserand’s parameter with re-
spect to Jupiter suggests it might have a Jupiter-family comet
(JFC) origin. We believe that the ejection from its parent comet
happened very recently as it was on a Jupiter crossing orbit, and
such orbits have short dynamical lifetimes.
6.2.3. Deceleration, strength, and mass distribution of frag-
ments
Narrow-field video data from Tavistock was reduced in mirfit
by manually picking the centroids of all discernible fragments.
The fragments were labeled from 1 to 12, according to their or-
der of appearance. The celestial coordinates of each fragment
were projected onto the trajectory estimated from wide-field
observations. As there was no multi-station narrow-field data,
only along-track positions of fragments could be precisely de-
termined. Fragments 4 and 7 show a perpendicular offset from
the trajectory (a sudden jump at the moment of fragmentation
to a position parallel to other fragments), but only lower lim-
its of transverse positions can be computed. Interestingly, these
transversely offset fragments show no constant transverse ve-
locity after fragmentation, indicating that they received and im-
mediately lost momentum in the transverse direction. We are
unsure what physical process caused this behaviour, but Stokan
and Campbell-Brown (2014) give some possible explanations.
The exact moment of fragmentation could not be observed
because the fragments were obscured by luminous dust. To ex-
trapolate the motion of fragments shortly before they became
observable, we fit a simplistic kinematic model proposed by
Jacchia and Whipple (1961) to the along-track distance of ev-
ery fragment from the beginning of the meteor:
D(t) = k + v0t + a1ea2t (2)
where t is the relative time since the beginning of the meteor, v0
is the initial velocity of every fragment at t = 0, and a1 and a2
are deceleration coefficients. This model is plotted with all lag
measurements throughout this work.
We assumed that the v0 is equal to the meteor’s initial ve-
locity estimated from wide-field data. Next, we propagated the
positions of fragments back in time using the model fits and
identified when the positions intersected, which we took to be
the time of a fragmentation event. Candidate fragmentation
events were visually confirmed by inspecting the narrow-field
Figure 19: Lags of individual fragments. Solid lines show the observed lag,
the dashed lines show the extrapolated lag using the exponential function fit
(equation 2). Solid circles show the estimated points of fragmentation.
video. We found that all fragments, except possibly 1 and 6,
emerged from larger fragments. For fragments 1 and 6 it was
not possible to visually confirm any prior points of fragmenta-
tion. As a singular point of fragmentation from which all frag-
ments were born could not be determined, we believe that the
observed fragments were created by progressive fragmentation;
the 12 that were visible had strengths large enough not to frag-
ment further for 1 second.
Figure 19 shows the lag of individual fragments, normal-
ized to the first visible fragment which starts at 0 s and has a
lag of 0 m. Because all other fragments are in front of fragment
1, they all have a more positive lag. Fragment 10 was lead-
ing the “fragment train”. The deceleration of fragments was
not uniform, which caused fragments to overtake one another,
indicative of an underlying mass distribution.
Fragment 6 became visible in the middle of the “fragment
train”, but it overtook fragments 7, 12, 9, and 11 (in that order).
It had the largest mass/area ratio and presumably had the largest
mass, thus the smallest deceleration, indicating that there was
no sorting by mass along the trajectory prior to fragmentation.
A similar behaviour showing fragments overtaking one another
has also been observed for fragmenting fireballs (Borovicˇka and
Kalenda, 2003). All fragments were sufficiently separated in
the transverse direction from one another as to not collide.
The dynamic pressure for every fragment is shown in Fig-
ure 20. The figure shows that the dynamic pressure at the mo-
ment of fragmentation was around 2.0 ± 0.5 kPa. The frag-
ments themselves started to disintegrate at a height of 82.5 km,
which corresponds to a dynamic pressure of around 3 kPa. This
suggests that the upper limit of the compressive strength of
more compact parts of fresh JFC material is in the range of
2-3 kPa.
If the dust seen at the beginning of narrow-field observa-
tions is the eroding matrix in which these fragments were em-
bedded it would indicate that the upper limit of its overall global
strength is 1 kPa, possibly on the order of several hundreds
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Table 3: Radiant and orbital elements (in J2000) of the July 21, 2017 fragmenting meteor.
Parameter Nominal v0 + 400 m s−1 Uncertainty*
αg 253.626 254.399 0.017°
δg -30.216 -29.500 0.103°
vg 11.839 12.381 0.007 km s−1
λ 118.482 118.482 NA
Lg − λ 137.292 137.883 0.008°
Bg -7.583 -6.796 0.032°
a 3.199 3.588 0.005 AU
e 0.703 0.736 0.0005
q 0.952 0.948 0.0001 AU
Q 5.447 6.229 0.010 AU
ω 32.258 32.860 0.010°
i 2.400 2.233 0.033°
pi 330.644 331.239 0.094°
T j 2.742 2.574 0.002
* uncertainties indicate measurement precision, not accuracy
Figure 20: Dynamic pressures of individual fragments. Solid circles mark the
moments of fragmentation. The horizontal uncertainty bars show the spread in
dynamic pressure at the fragmentation point due to the expected variance of the
neutral atmosphere mass density.
of pascals for cm-sized JFC meteoroids. Note that the ero-
sion might have also been caused by thermal effects (Borovicˇka
et al., 2007). In Figure 16 we superimpose the estimated mo-
ments of fragmentation onto the wide-field light curve. The
figure shows that the moments of fragmentation coincide with
the first peak in the light curve, and that the fragments them-
selves started visibly disintegrating into their constituent grains
at the beginning of the second peak.
These results are in accord with the in-situ measurements by
the Philae lander (Biele et al., 2015) which estimated the sur-
face strength of 67P to be 1-3 kPa, a result similar to that found
for individual particles by the COSIMA instrument (Hornung
et al., 2016). Because all fragments appear to fragment at the
same time and dynamic pressure, it appears that they have a
similar drag coefficient, i.e. similar axial ratio or rapid rota-
tion. We also note that the strength of the fragments themselves
is only marginally larger than the strength at initial fragmenta-
tion. The fine separation of fragment strengths in this unusual
case was made possible by the low entry angle of the meteoroid
which caused a very gradual increase in the dynamic pressure.
6.2.4. Mass and size distribution of fragments
We also attempted to measure the fragment mass distribu-
tion. The dynamic mass was computed by using the veloc-
ity from the exponential deceleration fit, due to which it was
rapidly decreasing, indicating that the fragments themselves were
eroding, although that did not become visibly obvious until they
developed wakes at the end of luminous flight. The complete
photometric mass of fragments was equally challenging to com-
pute because the fragments were either very close to each other
or enveloped in dust.
We were able to estimate lower limits to the photometric
mass per fragment by measuring the brightness of fragments in
one common interval when they were all clearly visible and dis-
tinct. Figure 21 shows the magnitude of every fragment; ver-
tical lines mark the time range used for computing the mass,
when all were visible. Table 4 lists the computed masses us-
ing the same τ and P0m as used for the wide-field photomet-
ric mass, and diameters computed using a bulk density of ρ =
3000 kg m−3. Although these masses are half or less of their
original value, their relative values to each other should be valid
if we assume that they all started ablating at the same time and
they ablated with a similar and constant ablation coefficient.
We note that photometric masses of some fragments do not
correspond to their dynamical behaviour. For example, frag-
ment 5 was decelerating more than fragment 4, despite having
three times larger photometric mass. This may indicate that
these fragments had either different shapes, densities, or com-
position. Alternatively, some fragments may have been an un-
resolved group of smaller fragments.
Figure 22 shows the cumulative distribution of fragment
masses. We estimated the mass index using two separate ap-
proaches. First, we performed a simplistic least squares (LSQ)
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Figure 21: Light curve of individual fragments. Vertical lines indicate the por-
tion of time when all fragments were visible, and this was used to compute
the partial fragment mass. Not all fragments were visible all the time, so we
linearly interpolated the magnitudes in the gaps.
line fit to the approximately linear part in the cumulative his-
togram. The measured mass index is s = 2.84 ± 0.21, with the
uncertainty only indicating the line fit uncertainty to those se-
lect points (red dots in the plot). This is not a robust approach
of fitting power-law distributions to data (Clauset et al., 2009),
so we performed a separate fit using maximum likelihood esti-
mation (MLE) and obtained a value of s = 2.80, which is close
to the line fit value.
Following the procedure of Alstott et al. (2014), we com-
pared the goodness of fit between the power-law and the expo-
nential distribution and found neither distribution is a signifi-
cantly stronger fit (p-value = 0.29). The Kolmogotov-Smirnov
D statistic (Ivezic´ et al., 2014) was 0.19 for the power-law, and
0.13 for the exponential distribution, indicating that the latter is
a slightly better fit. This indicates that either the fragment mass
distribution was not a power-law, or that the power-law distri-
bution quickly tapered off due to small number statistics. Thus,
we believe that these s values are lower limits.
Using the MLE approach, we also fitted a power-law to the
distribution of fragment radii. The sizes changed with αs = 6.4,
and the exponent is insensitive to the choice of bulk density.
This is consistent with theoretical transformations where the
size index exponent is equal to αs = 3s − 2 (Appendix C in
Vaubaillon et al., 2005). This is a very large exponent value
compared to Rosetta measurements where they measured αs =
1.8, s = 1.27 for particles >150 µm, and αs = 2.9, s = 1.63 for
particles in the 30-150 µm range (Merouane et al., 2016). This
steepness, and the fact that all observed fragments could not
be tracked to a single fragmentation event, might indicate that
the fragments we measured are daughter-fragments of progres-
sive fragmentation, and that the observed fragments were not
pre-existing in the meteoroid. Note that Merouane et al. (2016)
give a cumulative size index αsc which relates to the size index
αs used here as αs = αsc + 1.
Figure 22: Cumulative distribution of fragment masses of the July 21 event.
The least squares fit (LSQ) on the selected range of masses (red dots) is shown
in red, and the maximum likelihood estimation (MLE) fit is shown in blue.
6.3. Identification and analysis of a larger population of frag-
menting meteors
Having established and presented our analysis methodology
in detail for this first case study, we expand our analysis to ad-
ditional events. We identified 19 more events which showed
gross fragmentation with measurable fragments, and list their
details in Table 5. These events were not as favourable as the
July 21 event because they had steeper entry angles and conse-
quently shorter trajectories (resulting in fewer data points), and
had fewer measurable fragments (usually only 2-3). The error
in the initial height was not estimated because all moments of
fragmentation were visually confirmed in the video, thus it was
only perhaps off by one or two video frames. Again, we note
that the initial velocity may be underestimated by several hun-
dreds of meters per second. Also, the velocity uncertainty stated
in the table is the relative measurement precision (the variance
within our measurements), and not the real absolute accuracy.
Detailed ablation modelling is needed to invert the latter (Vida
et al., 2018b). For events which had multiple fragmentations,
we list their mean value.
The observed events span a range of velocities and orbital
types, indicating that gross fragmentation is not restricted to any
one orbital type (a result also previously found by Subasinghe
et al., 2016). We emphasize that these events comprise only 5%
of all observed meteors; thus this sample should not be con-
sidered an unbiased survey of the entire meteoroid population.
According to Subasinghe et al. (2016), 95% of all meteors ob-
served by the CAMO tracking system show no discernible frag-
ments, and most (>85%) have a distinct wake, likely caused
by erosion of the meteoroid into constituent grains in the 1-
100 µm size range, a process not triggered by mechanical fail-
ure (Borovicˇka et al., 2007).
Figure 23 shows the measured compressive strengths based
on the fragmentation height as function of initial meteoroid
speed. The shaded zone represents the 2-3 kPa strength range
measured for 67P by the Philae lander (Biele et al., 2015). The
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Table 4: Estimated partial fragment masses and diameters of the July 21 event, sorted by increasing value. The diameters of spherical particles were computed using
a bulk density of 3000 kg m−3.
Fragment No. Mass (kg) Diameter (mm)
4 1.96 × 10−6 2.31
8 2.53 × 10−6 2.52
3 2.62 × 10−6 2.54
7 3.06 × 10−6 2.68
12 3.53 × 10−6 2.81
2 3.98 × 10−6 2.92
11 4.10 × 10−6 2.95
9 5.02 × 10−6 3.16
1 5.33 × 10−6 3.22
5 5.99 × 10−6 3.35
10 7.92 × 10−6 3.68
6 8.28 × 10−6 3.73
Figure 23: Height vs. initial velocity of measured meteors. Dashed lines indi-
cate contours of dynamic pressures at the given height and speed.
nominal strengths of most meteoroids lie in the range of 1-
5 kPa, in excellent accord with results reported by other authors
discussed in sections 1.2 and 1.3.
Figure 24 shows the measured compressive strengths versus
the Tisserand’s parameter with respect to Jupiter. There doesn’t
appear to be a trend in strength with orbital type. All measure-
ments, except one, are within the measurement uncertainty of
the Philae in-situ measured upper strength limits. Nevertheless,
note that the statistical sample is small, and only the strengths of
meteors with a particular morphology were measured. Also, we
do not exclude the possibility of cross-contamination between
objects on JCF and asteroidal orbits. Measured meteoroids on
Halley-type orbits had higher strengths, but also higher uncer-
tainties. As these meteors are very fast, determining the exact
point of fragmentation is more difficult.
Figure 24: Measured compressive strengths vs. Tisserand’s parameter with
respect to Jupiter. The error bars indicate the uncertainty range in dynamic
pressure corresponding to an atmospheric mass density variance of ±25%.
7. Conclusions
We have summarized hardware and software reduction de-
tails of the upgraded CAMO mirror tracking system, compared
to the original instrument (Weryk et al., 2013). The current
CAMO system achieves an effective astrometric precision of 1
arc second, and a temporal resolution of 10 ms.
Using three representative types of meteors observed with
CAMO, we have shown that the resolved trail morphology is
the limiting factor in precision and ultimately, the obtainable
trajectory accuracy. In ideal conditions, CAMO achieves tra-
jectory fit precision of <1 m and initial velocity measurement
precision on the order of 1 m s−1. Both the radiant and speed of
heavily fragmenting and eroding meteors have an order of mag-
nitude higher uncertainty than meteors with short wakes. For
highly fragmenting meteors, the radiant precision is similar to
what can be achieved with moderate field of view non-tracking
systems.
We used direct observations at the instant of gross mete-
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oroid fragmentation to measure the compressive strengths of
meteoroids. We used the aerodynamic ram pressure exerted on
the meteoroid at the moment of fragmentation as a proxy for
the compressive strength. A case study of an unusually long
and shallow entry event on July 21, 2017, where narrow-field
video showed the exact moment of fragmentation, resulted in
12 distinct fragments whose positions were tracked. A very
shallow entry angle of 8° enabled precise determination of the
moments of fragmentation, and consequently precise strength
measurements. The meteoroid started eroding at dynamic pres-
sures below 1 kPa - this was not observed directly, but it was
deduced from the long wake visible at the beginning of narrow-
field tracking. We note that the cause of erosion might be ther-
mal and not due to mechanical failure.
Next, the meteoroid visibly fragmented at 2 kPa, and the
fragments themselves disintegrated at 3 kPa. We estimated a
fragment mass index of s = 2.8 but believe this to be a lower
limit. This value is much larger than that derived from in-situ
measurements by Rosetta of comet 67P’s dust, and also larger
than the mass indices of major meteor showers. This may in-
dicate that the observed fragments were not pre-existing in the
meteoroid matrix, but created by progressive fragmentation.
Nineteen more meteors showing visible fragments after gross
fragmentation were used to survey compressive strengths. The
majority had compressive strengths between 1-4 kPa which were
not correlated with orbital type. These measurements are in ex-
cellent accordance with the in-situ measurements of comet 67P
by the Philae lander (where the maximum strength was between
2-3 kPa) and the Rosetta COSIMA instrument (strength on the
order of several kPa), as well as other theoretical and experi-
mental work summarized in Section 1.2.
The overall measurement uncertainty of compressive strengths
was about ±25% due to the uncertainty in the atmosphere mass
density. We note that only 5% of all meteors observed by CAMO
show gross fragmentation, thus these measurements do not rep-
resent all meteoroids, although both cometary and asteroidal
orbits are represented in this sample.
Having developed and validated these methods for the anal-
ysis of high temporal and spatial resolution meteors observed
with CAMO, in the future we aim to accurately measure the
orbits of select meteor showers and use the high-precision con-
straints set by CAMO to improve meteor shower prediction
models. The focus of our future work will be on those meteor
showers caused by recently ejected meteoroids whose disper-
sion is solely caused by their ejection velocity from the parent
body, as gravitational and non-gravitational forces do not have
time to disperse the stream on such short timescales.
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Appendix A. Plate formats
Appendix A.1. AST plate
The AST (ASTrometry) plate is a type of plate mapping
developed in Weryk and Brown (2012) for use with the AS-
GARD system. It maps any cartesian (x, y) pair (e.g. image
or mirror coordinates) into celestial horizontal coordinates (θ,
ϕ), where θ is the zenith distance and ϕ is the azimuth (+N of
due E). To avoid the discontinuity at the azimuth branch cut
(where ϕ = ±180), the angles on a hemisphere (assuming that
only θ < 90° angles are observable) are projected onto a plane.
The vertical axis of the projection, defined by angles (θ0, ϕ0), is
chosen to correspond close to the image centre. Thus, we can
define the rotation matrix of the projection:
M =
− sinϕ0 − cos θ0 cosϕ0 sin θ0 cosϕ0cosϕ0 − cos θ0 sinϕ0 sin θ0 sinϕ00 sin θ0 cos θ0
 (A.1)
The columns of matrix M define an orthogonal basis set.
Star positions (θ, ϕ) are rotated using M′ (the inverse of M) to
obtain (β, γ) pairs:sin β cos γsin β sin γcos β
 = M′
sin θ cosϕsin θ sinϕcos θ
 (A.2)
which are relative to (θ0, ϕ0). The positions are then pro-
jected onto the p, q plane:
p = sin β cos γ
q = sin β sin γ
(A.3)
The (x, y) image centroids are then fitted to the (p, q) values
for each star using third order polynomials:
p = a0 + a1x + a2x2 + a3x3 + a4y + a5y2
+a6y3 + a7xy + a8x2y + a9xy2
q = b0 + b1x + b2x2 + b3x3 + b4y + b5y2
+b6y3 + b7xy + b8x2y + b9xy2
(A.4)
The reverse mapping polynomials are fit separately, enabling
the conversion from (p, q) to (x, y). As discussed in Weryk et al.
(2013), this method is advantageous in comparison to a typi-
cal gnomonic projection for larger fields of view, by producing
smaller fit residuals.
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Appendix A.2. AFF plate
The AFF plate represents an affine transform, which is a
combination of translation, scaling, rotation and mirroring, de-
scribed by the following equation:
[
x′
y′
]
=
[
M11 M12 M13
M21 M22 M23
] xy1
 (A.5)
The M coefficients are the fit parameters. In this imple-
mentation, x′ and y′ are orthogonal, meaning that there is no
shearing.
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Table 5: Radiants, orbits, and compressive strengths of measured meteoroids.
Date and time (UTC) λ αg δg vg a e q ω i pi Pdyn
deg deg deg km s−1 AU AU deg deg deg kPa
2017-07-21 07:04:19 118.4821 253.866 -30.059 11.995 3.299 0.7119 0.9505 32.44 2.37 330.83 2.03
0.019 0.084 0.009 0.007 0.0007 0.00007 0.01 0.03 0.01
2018-05-21 06:27:59 59.9221 318.411 16.967 58.748 2.298 0.5620 1.0065 190.02 124.07 249.94 5.40
0.210 0.730 0.064 0.176 0.0307 0.00101 1.06 1.02 1.06
2018-07-03 03:08:39 100.9155 311.625 -6.031 41.826 2.256 0.9654 0.0780 331.58 46.57 72.50 2.23
0.022 0.107 0.033 0.010 0.0003 0.00068 0.14 0.34 0.14
2018-07-07 03:52:46 104.7580 311.131 -4.558 33.827 1.396 0.8869 0.1580 322.83 28.51 67.60 3.79
0.044 0.296 0.013 0.005 0.0012 0.00124 0.14 0.56 0.14
2018-07-07 04:45:01 104.7926 312.437 -4.826 38.075 1.834 0.9351 0.1191 325.79 35.65 70.59 2.61
0.039 0.085 0.006 0.004 0.0003 0.00075 0.12 0.18 0.12
2018-07-07 05:05:52 104.8064 312.009 -4.428 36.768 1.663 0.9206 0.1321 324.59 33.89 69.41 2.92
0.031 0.103 0.006 0.003 0.0004 0.00075 0.11 0.20 0.11
2018-07-07 06:18:01 104.8541 320.981 -26.329 39.515 1.882 0.9535 0.0875 150.75 36.55 75.60 1.96
0.019 0.073 0.015 0.006 0.0001 0.00051 0.10 0.19 0.10
2018-07-07 06:31:33 104.8631 275.387 -19.770 17.874 2.277 0.6816 0.7250 252.88 1.97 357.88 1.56
0.097 0.178 0.098 0.021 0.0035 0.00177 0.15 0.09 0.15
2018-07-07 08:12:14 104.9298 316.019 2.403 34.192 1.124 0.8687 0.1476 327.02 44.33 71.95 2.97
0.091 0.129 0.061 0.004 0.0014 0.00181 0.25 0.17 0.25
2018-07-10 07:45:55 107.7733 323.502 -28.420 36.462 1.593 0.9166 0.1328 144.88 34.33 72.64 1.95
0.031 0.049 0.019 0.003 0.0002 0.00033 0.05 0.13 0.05
2018-07-12 03:38:50 109.5174 312.697 -2.902 36.609 2.137 0.9179 0.1754 316.79 31.93 66.31 3.26
0.022 0.096 0.016 0.006 0.0005 0.00073 0.09 0.15 0.09
2018-07-16 06:27:18 113.4454 318.755 -1.198 38.760 2.273 0.9383 0.1403 321.31 38.05 74.77 2.76
0.230 0.533 0.090 0.045 0.0015 0.00467 0.78 1.14 0.78
2018-07-20 04:33:28 117.1871 320.915 -1.886 35.987 1.890 0.9150 0.1607 319.63 29.20 76.82 3.68
0.045 0.240 0.012 0.008 0.0006 0.00092 0.12 0.50 0.12
2018-07-20 07:37:42 117.3092 327.577 5.895 33.230 1.071 0.8645 0.1451 328.06 41.88 85.38 3.86
0.055 0.163 0.049 0.003 0.0007 0.00108 0.17 0.36 0.17
2018-08-06 05:37:04 133.4761 346.893 -11.180 41.877 2.571 0.9806 0.0499 157.01 23.95 110.48 2.06
0.042 0.116 0.006 0.019 0.0002 0.00071 0.19 0.37 0.19
2018-08-11 03:06:25 138.1700 329.209 29.510 28.636 1.414 0.6464 0.5002 286.86 42.50 65.04 4.42
0.094 0.303 0.086 0.008 0.0009 0.00383 0.53 0.31 0.53
2018-08-15 02:45:29 141.9972 347.331 1.497 39.616 2.582 0.9650 0.0903 328.72 20.83 110.73 1.96
0.031 0.083 0.008 0.005 0.0001 0.00033 0.06 0.26 0.06
2018-08-15 06:15:57 142.1377 344.188 -11.273 30.427 1.698 0.8581 0.2409 130.59 6.49 92.71 0.41
0.061 0.168 0.012 0.004 0.0001 0.00058 0.09 0.27 0.09
2018-09-17 04:13:18 173.9824 8.893 5.885 30.127 1.935 0.8591 0.2727 305.20 2.69 119.22 3.95
0.095 0.240 0.037 0.010 0.0006 0.00094 0.14 0.36 0.14
2018-09-19 08:55:05 176.1250 87.333 13.044 69.437 7.693 0.8695 1.0040 357.02 162.08 353.15 6.53
0.076 0.189 0.047 0.397 0.0063 0.00010 0.25 0.32 0.25
* uncertainties of trajectory parameters indicate measurement precision, not accuracy
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